PHYSICAL THEORIES 
ROBERTO TORRETTI 


PART Il 


(e) To Spell the Phenomena (in order to read the Book of Nature)! 


Giinther Ludwig (1978) describes a physical theory PT as a combi- 
nation of three factors, a mathematical theory MT, a domain of reality 
W and a set of mapping principles (—) that link the latter to the former. 
Schematically: P7=M7(—) W. Ludwig is well aware than in actual 
history these three factors grow together. Mathematical theories do 
not lie ready in a Platonic smorgasbord for the physicist to choose the 
one that suits him best. As is well known, some of the greatest mathem- 
atical ideas were born in the struggle for a better intellectual grasp of 
physical phenomena. The MT of a PT is laboriously developed in the 
flickering light of the Wit is meant to apprehend. However, in order to 
understand the workings of a PJ; we must, for definiteness, fix one of 
the three factors and show how the other two are shaped with respect 
to it. The MT is the only likely candidate for this role. In fact, the 
mathematical part of an established or a dead physical theory can be 
given a neat and stable formulation, which in turn provides the means 
of outlining the theory’s intended domain of application; whereas the 
latter cannot be properly referred to without the conceptual resources 
of the mathematical part. 


| Part I of this article, comprising Sections (a) to (d), appeared in Didlogos 48 (1986). 


Didlogos, 49 (1987), 147-188. 
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Ludwig’s understanding of mathematics is Bourbakian, like 
Sneed’s. The MT of a PT, as conceived by him, is therefore typically a 
theory stronger than (Zermelo-Fraenkel) set theory, which character- 
izes a species of structure in Bourbaki’s sense (Pt I, p. 201) Ludwig, 
however, does not take the informal set-theoretic approach to 
mathematical structures that Sneed learnt from Patrick Suppes, but 
remains beholden to the old faith in the possibility and desirability of 
expressing all mathematical discourse in a strictly regimented formal 
language. (This was just one—and certainly not the most noxious—of 
several crazy utopias in which men of outstanding intellect indulged 
during the first half ot the 20th century.) “A mathematical theory—he 
writes—is defined as a collection of symbols according to certain 
rules-of-the-game.”* We need not go with him to this extreme; but in 
order to follow his exposition we must equate the MT of a PT not with 
a concept whose extension comprises the models of a certain Bourba- 
kian species of structure; but rather with a set of propositions, namely, 
the propositions that are true of just those models. Ludwig expects this 
set to be axiomatized, i.e. to include a distinguished finite or at least 
computable subset of which all propositions in the set are logical 
consequences. 

According to Ludwig, the domain of reality W of a physical theory 
PT is partly determined by the MT and the mapping principles. 
However, it must contain a part, a fundamental domain G, which does 
not depend on MT. G stands for the processes and situations which are 
the factual basis of PT. “The fundamental domain G of W does not 
consist of any statements about physical processes, but of the given 
processes themselves. Just as the text of a book lies there beforehand 
(vorliegt), so G presents a domain of real states of affairs. Because of 
the similarity with the text of a book, any given pieces (vorliegende 
Teilstiicke) of G will be called real-texts (Realtexte) of the theory PT.” 
(Ludwig 1978, p. 13.) Despite its illustrious ancestry, the book meta- 


2 “Eine mathematische Theorie, von uns immer kurz mit MT bezeichnet, ist definiert als 
eine Ansammlung von Zeichen nach gewissen Spielregeln.” (Ludwig 1978, p. 17.) This character- 
ization is objectionable on at least three counts: (i) not every collection of symbols governed by 
rules can pass for a mathematical theory; (ii) none of the major mathematical theories of physics has 
ever been fully and truly formalized; (iii) in the light of Gédel’s findings of 1931, the formalization 
of mathematics faces a dilemma—either elementary arithmetic (and every theory containing it) 
cannot be formalized, or the “rules of the game” must be so devised that even a computer 
endowed with infinite memory cannot determine in every arbitrarily given case whether they have 
been followed or not. / 
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phor may seem far-fetched, for there is a deep difference between the 
two sorts of thing that it brings together. Anybody who has mastered 
the English words ‘book’ and ‘page’ will be able to tell where a page 
begins and where it ends and what precisely is there to be read in it 
(even if it is printed in a language he does not understand). But a 
command of Ludwig’s expression ‘real-text’ affords no such grip on 
the physical states of affairs which it is meant to designate. There are 
no universal conventions for singling out the situations and processes 
to which physical theories are applicable and for distinguishing in 
them the relevant text from the indifferent background. However, if 
we look closer into Ludwig’s writings we soon notice that this enormous 
gap between his real-texts and real texts does not matter much in the 
end. For the fragments of physical becoming on which a PT can rest, 
according to him, are not just any crudely delineated real-texts which 
happen to be there, but only what he calls “normalized” (genormte) 
real-texts. A normalized real-text of a PT is a given physical state of 
affairs that is analyzed into factors, a finite number of which have been 
labelled with names—usually letters—of the language in which the 
respective MT is expressed. The analysis and the labelling clearly 
suffice to delimit the situation or process which is to be the object of 
inquiry. And Ludwig’s description of it as a kind of text is somehow 
vindicated by the standard use of letters as labels. But a normalized 
real-text cannot be established simply by pointing, as some of Lud- 
wig’s statements might suggest. The analysis of observed things and 
events involves a conceptual grasp of them, without which one cannot 
even be properly said to observe them. Ludwig does not deny this 
(although, in my judgment, he does not sufficiently stress it). He 
explicitly notes that the real-texts of a given PT may have to be 
normalized with the aid of other, earlier physical theories. But he 
emphatically maintains that the PT to whose fundamental domain Ga 
certain real-text belongs can have no say in its normalization. “How 
one reads[...] the real-text cannot (darf nicht) depend onthe PT under 
consideration.” (Ludwig 1978, p. 40). “We shall use the expression 
fundamental domain G to denote those facts that can be specified in 
advance of a particular PT and which are mapped into the mathemati- 
cal framework MT of PT. [...] The fundamental domain consists of all 
that can be determined before the application of the theory.” (Ludwig 
1983, p. 3.) I believe that Ludwig’s insistence on excluding each 
physical theory from the required intellectual elaboration of its own 
factual basis is neither justified nor altogether consistent with some of 
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his insights. But before arguing for this view I must say something 
about the mapping principles that connect the MT of a PT with its 
fundamental domain G. 

While the mathematical part of a PT may not unreasonably be 
equated, for the purposes of a philosophical discussion, with the 
axiomatized theory MTs of a Bourbakian species of structure S 
(Ludwig 1983, p. 3), it would be utterly unrealistic to attribute a 
comparable degree of definiteness to its fundamental domain G. Lud- 
wig emphasizes that by G he does not denote a set, “for nothing has 
been defined that might correspond to the ‘elements’ of a set”. Since 
new real-texts are continually being added by new experiments, “we 
can collect ‘all’ real-texts only notionally (nur begrifflich), precisely in 
the notion of the fundamental domain G.” (Ludwig 1978, p. 15.) Itake 
this to mean that G refers to the real-texts of PT distributively, not 
collectively, for they never actually crystallize into a definite collec- 
tion. The mapping principles will therefore link MT severally with 
each given particular normalized real-text. 

How do the mapping principles carry out their task? 

In the first place, they pick out certain monadic and polyadic 
predicates of MT, which Ludwig calls iconic terms (Bildterme) and 
iconic relations (Bildrelationen), respectively. Ludwig assumes that, 
if R stands for an iconic relation, any sentence formed by substituting 
names (constants) for the variables x; in an open formula of the 
form Rx...X, Must be required by syntax to carry the name of a real 
number in the place of xz. (I think that this requirement is needlessly 
restrictive— not all observed physical relations must be translatable 
into real-valued measurement results. I mention it, however, because it 
gives an idea of what Ludwig is up to.) 

In the second place, the mapping principles provide rules by which 
one or the other iconic term is predicated of the several names assigned 
to factors in the real-text. 

In the third place, they provide rules by which the iconic relations 
are predicated of those names and of certain particular real numbers, 
“the so-called quantitative measurement results”, which, I presume, 
must somehow turn up in the real-text. 

Ludwig (1979, p. 34) stresses that all these rules must be applied 
“on the basis of the present, normalized and read real-text (aufgrund 
des vorliegenden, genormten und gelesenen Realtextes)”. | take this to 
mean that the rules must be adjusted to each particular real-text or 
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family of related real-texts; that they are, so to speak, tailored to fit 
them. 

Let A be the conjuction of all statements made about a given 
normalized real-text pursuant to the said rules. Since the names used 
for labelling the real-text belong to the language MTs, A is a state- 
ment of that language, which can be added to MTs to form a stronger 
theory MTsA. If MTSA is consistent we say that by means of the 
utilized mapping principles MTs provides a usable (brauchbare) des- 
cription of the real-text in question. If no inconsistency has been found 
in any of the theories M7;A formed in the manner sketched above by 
applying to all hitherto investigated normalized real-texts of PT the 
rules prescribed for them by the mapping principles, we say that MTs 
together with the utilized mapping principles, provides a usable des- 
cription of the entire fundamental domain G, or, more briefly, that 
“PT is a definitively usable theory (eine endgiiltig brauchbare Theo- 
rie)”. (Ludwig 1978, p. 42.) 

The construction of the full domain of reality W of a physical 
theory P7—of. which, as the reader will recall, the fundamental domain 
G is only a part—proceeds by adding “hypotheses” to the theories 
MTsA by which the real-texts of PT are consistently described. In 
Ludwig’s parlance, an hypothesis is a statement in which an n-adic 
predicate of MTs (n 2 1) 1s predicated of nm names of MTs, one or 
more of which are not labels of factors in a given real-text, but stand 
for objects merely conceived—gedachte Gegenstaénde. (Examples of 
such conceived objects are the following: (a) an unrecorded instant 
between two consecutively recorded ones; (b) the invisible trajectory 
of an uncharged elementary particle joining the photographed tracks 
of two charged particles;’ (c)the orbit of the hypothetical planet 
Vulcan, as computed from Newtons’ laws and the observed orbits of 
Mercury and the other known planets.) Ludwig's classification of 
hypotheses and his carefully grounded assignment of certain classes of 
them to the job of determining the domain of reality of a PT are 
interesting and difficult matters on which, unfortunately, | cannot 
dwell here.’ 


3 As the reader probably knows, current methods for the observation of elementary parti- 
cles rely on their electromagnetic interaction with a macroscopic receiver. Obviously only the 
presence of charged particles can be recorded by such means. 

4 See Ludwig 1978, §10 (pp. 116-194). 
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I must now return to the question I left pending. Is Ludwig right in 
denying that a PT can play a role in the spelling and reading of its 
real-texts? To my mind, this denial stems from the same sort of 
foundationalist squeamishness that got Sneed bogged down in the 
bogus problem of theoretical terms and led him eventually to assert 
that there are no self-interpreting formal structures in empirical 
science (but that any such structure may nevertheless interpret another 
one!). Ludwig furnishes an obvious reply to the latter assertion: cer- 
tainly, a formal structure cannot interpret itself (nor anything else, for 
that matter); but a physical theory consists of a mathematical structure 
together with mapping principles, and is therefore inherently self- 
interpreting. And, seasoned physicist that he is, he wastes no time on 
the theoretical /non-theoretical conundrum. Yet he seems to fear that 
if he grants the physical theory a say in the articulation of its own 
real-texts he will undermine its factual basis. Such might perhaps be 
the case if the reading of the real-texts stood to the theory’s axioms as 
the premises to the conclusion of some perverse kind of inference. The 
inductivist school of philosophy has long sought for the rules of a 
“logic” that would warrant just this kind of “reasoning”. But Ludwig 
will have none of it: 


The much debated problem of “incomplete induction”’ is avoided in actual 
physics, because one simply does theoretical physics, without worrying 
about the question of “incomplete induction”. Theoretical physics, as it in 
fact exists, gives no prescriptions for the establishment of axioms in MT, but 
leaves it to an “intuition” of some sort. The General Theory of Relativity is 
one of the most striking illustrations of the fact that the axioms of a theory 
are in no way derived from experience pursuant to the principle of incom- 
plete induction. On the contrary, the starting point for the establishment of 
the axioms of the General Theory of Relativity was Einstein’s intuitive grasp 
of the connection between space-time structure and gravitation. 

(Ludwig 1978, p. 45.) 


Hence, from Ludwig’s own standpoint there does not appear to be any 
compelling reason why a physical theory should not contribute to the 
delimitation and articulation of its real-texts. And indeed Ludwig | 
seems to grant as much when he equates ‘the precise structure of a 
real-text” with what is said about it pursuant to the mapping principles 


> “Incomplete” as opposed tothe “complete” induction countenanced by Aristotle, in which 
a general conclusion flows from the consideration of ali relevant particulars 
(he gar epagoge dia panton ~ Anal. Priora, 11, 23, 68629; cf. 69al7). 
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(in the statements conjoined into the statement A, in the notation of p. 
151).° 

Of course, Ludwig has done very well to stress how the real-texts 
from which a physical theory draws its sustenance have already been 
worked over by other theories and by untutored common sense. A 
physical theory does not come to life in full armor in the midst of an 
intellectual vacuum. As Ludwig aptly recalls, “the possibility of know- 
ing certain facts and processes ‘immediately’, i.e. without any P7, is 
the everywhere noticeable basis of all experiments; e.g. the state of a 
counter is accepted as a fact that is not to be analyzed further. No 
scientific, let alone physical criteria is employed to establish such 
facts.” (Ludwig 1978, p. 14.) The presence of such common, readily 
identifiable items in real-texts that different physical theories under- 
stand differently constitutes a powerful link between those theories, 
which it would be foolish to ignore. But this alone does not warrant the 
foundationalist claim, made by Ludwig in the same page, to the effect 
that “all P7’s can be built together upon the simplest possible ‘imme- 
diately’ readable pieces of real-texts, [...] such as we acknowledge as 
facts in our everyday behavior, without any reflection or philosophical 
inquiry—e.g. that there is a chair in the room, a cup of coffee on the 
table, a stone that shattered a window-pane.” If pre-philosophical 
common ‘sense had furnished a coherent and cogent reading of the 
real-texts of everyday life, | doubt very much that anybody would have 
ever felt a need for mathematical physics. And I have yet to see how 
such a reading can be obtained merely by putting together a mosaic of 
small unreconstructed pieces of pre-scientific experience. Physicists 


6 Ludwig 1978, p.200. In another relevant passage, Ludwig writes that “der Grundbereich 
einer Theorie wird erst von der Theorie und ihrer Anwendung her allmahlich in seiner Abgren- 
zung sichtbar.” (Ludwig, EG7?P, vol. Il, p. 15.) This can approximately be translated as follows: 
“The fundamental domain of a theory only gradually becomes visible within its boundaries, 
through the theory and its application.” The passage might be taken to mean that the theory and 
the practice of applying it gradually teach us what real-texts belong to it, among the many which 
lie there beforehand neatly distinguished and arranged. But in actual fact physical theories 
preside over the experimental production of new, unprecedented real-texts within their purview, 
and also direct our attention to hitherto neglected features of seemingly familiar ones. For 
instance, the steady-state cosmological theory of Bondi and Gold gave a curious reading of the 
dark night-sky, presenting it prima facie as a blazing hemisphere from which vast tracts had been 
mysteriously erased. This reading follows from the theory's Perfect Cosmological Principle, 
according to which the universe in the large must look more or less the same at all times and 
places. The mysterious disappearance of most of the blazing light that ought to be there was 
explained by postulating the expansion of the universe (independently confirmed by Hubble's 
Law). Cf. Bondi 1961, Chapter II]; fora more plausible reading of the phenomenon, not based on 
the said principle, see E.R. Harrison 1965, 1977. 
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attain to their innovative understanding of phenomena by trying out 
new readings, and often some new spellings of them. 

Ludwig proposes a familiar example to illustrate his requirement 
that “what is being mapped [by the mapping principles of a PT] must 
be expressed in terms of experiment and experience without the need 
for the application of a new theory.” 


For example, it is possible to specify the position of the planets without 
requiring the use of Newton’s mechanics and Newton’s law of gravitation. 
The position of the planets at different times provides the experimental 
material which can be compared to Newton’s theory, that is, which is to be 
mapped into the mathematical framework MT of Newton's theory. 
(Ludwig 1983, p.3.) 


As I see it, this is an excellent illustration of the opposite view, for 
Ludwig’s requirement is here violated in several respects. First, the 
timing of planetary positions must be done with good clocks, and, for 
the purposes of Newtonian theory, only the direct or indirect agree- 
ment of a clock with Newton’s laws can warrant its goodness (Pt.], 
pp. 206f.). Second, to test the Newtonian laws in their standard form, 
the planetary positions must be referred to an inertial frame, and, as I 
noted in Part I, the criteria of inertiality are provided by Newton’s 
theory—thus, for example, it is on the strength of the latter that 
Foucault’s pendulum demostrates that the fixed stars define an inertial 
frame, relative to which the Earth is rotating. Third, before the discov- 
ery of the aberration of light (Bradley 1728) and the measurement of 
the parallax of a nearby star (Bessel 1838), the only cogent reason for 
regarding the center of gravity of the Solar System—and not, say, the 
center of the Earth—as a point at rest in an inertial frame, was the 
successful dynamical explanation of planetary motions by Newton’s 
theory. In other words, if M7 stands for the mathematical framework 
of Newtonian Gravitational Theory (NG7) and A and B denote, 
respectively, the standard quasi-heliocentric and a geocentric descrip- 
tion of planetary motions to within suitable margins of error, then, in 
Newton’s time, the only serious ground for accepting A and not Basa 
description of the real-text consonant with the mapping principles of 
NGT was that the theory MTA is consistent, and the theory MTB is 
not. (Cf. Newton, Principia, Bk.III, Phenomenon V.) 

These three points should be enough to back my allegation that, at 
least in Ludwig’s chosen example, the theory decisively intervenes in 
the reading of the real-text. The example, however, raises still another 
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question: Why is “the experimental material which can be compared to 
Newton’s theory” confined to the Sun and planets, while the fixed stars 
are mercilessly chopped off from the real-text? Today a Newtonian 
would probably answer that the entire solar system undergoes an 
acceleration directed towards the center of gravity of the Galaxy; as 
the distance to that center is enormous, the acceleration is very nearly 
constant; hence, by Corollary VI to the Laws of Motion, the Solar 
System can be treated as an isolated mechanical system. In this reply, it 
is clearly the theory that draws the boundary around its real-text. (I 
can find no evidence of Newton having ever raised the question 
himself. Since both the force of gravity and the intensity of light obey 
an inverse square law, he might have reasoned that in the Sun’s 
presence the gravitational influence of the fixed stars is about as 
significant as their light, for surely the latter should be roughly propor- 
tional to their masses.’ Inthe Corollary to Proposition XII of the 
Principia, Newton explicitly equated the center of gravity of the Solar 
System with the motionless center of the world (centrum mundi). No 
mention is made of the fixed stars in this context; but if Newton 
believed, with Kepler, that they are more or less evenly distributed ina 
spherical shell about the center, he could have invoked Proposition 
LXX of Book I to prove that the gravitational force exerted by the 
fixed stars at any point in the interior of that shell is null. Be that as it 
may, with these speculations I only wished to suggest that the real-text 
of Ludwig’s example cannot be circumscribed without some theoreti- 
cal assumptions. The same is true, a fortiori, of less simple cases.) 


(f) Approximation and Idealization 


While discussing the relationship between the mathematical theo- 
ries of physics and the actual situations to which they are purportedly 
applicable, we have hitherto ignored one feature that is of the essence 
of modern physics and the conception of knowledge embodied in her. 
It can be roughly stated by saying that physical states of affairs agree 
only approximately with the mathematical theories that physics brings 
to bear on them, so that such theories can provide, in the best of cases, 


7? About 1685 Newton used the inverse square optical law to measure the distance to Sirius 
by comparing its apparent brightness with that of the Sun. He figured out that Sirius is 1,000,000 
times more distant that the Sun, which is about 1.7 times the current estimate. 
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only an idealized representation of physical reality. Before attempting 
to elucidate the meaning of this, I shall give a very simple example of it, 
which will also serve to illustrate some of Ludwig’s ideas about map- 
ping principles and real-texts, presented in Section (e). Let PT be 
Galileo’s theory of free fall (Section (a)). Let M7c stand for a suitable 
formulation of PT’s mathematical theory, and consider a real-text 
consisting of a smooth inclined plane labelled a, along which a steel 
ball labelled b is allowed to fall freely. Let p be the point of a where bis 
released, and let g and q’ be two other points on a, at some distance 
from p and from one another. The mapping principles should single 
out iconic terms F, G and H, such that we are required to assert Fx, Gx 
or Hx, respectively, when x is the label of an inclined planed, of a freely 
falling ball, or of a point. They should also single out iconic relations J 
on FX H,Son FXHXH*XR,and Ton GXHXHXR, such that Jxy 
must be asserted if and only if the point y lies on the inclined plane x; 
Sxyzu must be asserted if and only if /xy and J/xz and uw is the distance 
from y to z; and 7xyzu must be asserted if and only if the point y lies 
higher than the point z on the same inclined plane, and uw is the time 
elapsed since the freely falling ball x was released at ) till it arrived at z. 
The mapping principles must also specify rules (methods) for measur- 
ing the distances d and d’, from p to q and from p to q’, respectively, 
and the times ¢ and ?’ which the freely falling ball b takes to go from pto 
q and from p to q’. The mapping principles will therefore prescribe the 
following reading A of the above real-text: 


Fa& Gh& Hp& Hq & Hq’ & Jap & Jaq’ & Sapqd 
& Sapq’d’ & Tbpat & Tbhpq’t’ (7) 


In MTz, (7) must entail that d/d’ = (t/t’)’. However, it is extremely 
unlikely that the numbers d, d’, t and t’, measured on the real-text in 
accordance with the mapping principles, will satisfy this equation. The 
theory MT7¢GA is therefore inconsistent and PT is unusable for the 
proposed real-text (p. 151). How come, then, that we still regard 
Galileo’s Theory of Free Fall as eminently applicable to experimental 
situations of the kind described? The answer to this question is well- 
known: We do not expect the measured values of physical quantities to 
satisfy the equations of mathematical physics exactly, but only to 
within a suitable margin of imprecision. 
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Similar inconsistencies will be seen to arise in any theory MTB, if 
the iconic relations that go into a reading B of an appropriate real-text 
are drawn without qualifications, from a mathematical theory MT. 
But that is not the way how iconic relations are used in physics. Their 
actual occurrence in the reading of real-texts can be fairly well des- 
cribed if, following Ludwig, we say that the mapping principles of a 
physical theory associate a blurred (veschmierte) relation with each 
iconic relation drawn from the respective mathematical theory, and 
prescribe the attribution of such blurred relations to items discerned in 
the real-text. The construction of the blurred relation Rxy, associated 
with a given relation Rxy between a list x of objects falling under iconic 
terms and a real number y, is quite simple. The mapping principles 
should associate with R a real-valued function ¢€ on the reals, depend- 
ing on R but also on the nature of the real-text in question and the 
method by which the relevant measurements are to be performed on it. 
Then, Rxy holds if and only if there exists a real number z such that 
Rxz and! y-z!l<e(z). 

The procedure can be readily applied to the above example of 
Galileo’s Theory of Free Fall. For simplicity’s sake, let us associate 
constant functions o and r with S and 7, respectively. We define 
blurred relations § and T by 


Sxyzu - Jw(Sxyzw &lu-wl<o) 


(8) 
Txyzu ~ J w(Txyzw &|u-w!l <7). 


Since the measured values of distances and times will now be said to 
sustain only these blurred relations with the appropriate points, balls 
and inclined planes, we substitute § for § and 7 for T in (7). Let A’ 
denote the statement thus obtained. Conjoined with M 7g, A’ does not 
entail—like A—that d/d’=(t/t’ )’, but only that there are real numbers 
u, u’, vand v’, such that! d—ul <ajd’—u'l <o,lt-vil<7,|’-wl<r, 
and u/u’= (v/v’)’. For a reasonable choice of o and rthis requirement 
is normally fulfilled, and M7@¢A’ is consistent. 

The physicist’s blurring of standard mathematical relations can be 
demonstrated very clearly, as we have just seen, in the case of real- 
valued functions; but he blurs all sorts of relations. We may conceive 
such blurring with great generality if we aid ourselves with some simple 
set-theoretical notions. Let S be any set and consider the binary 
relations on S, i.e. the subsets of the Cartesian products SX S. If Aisa 
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binary relation on S, the inverse relation -A is the set {<x,y>| 
<y,x>eA}.1fA and Bare binary relations on S, the composition A + 
B is the binary relation {<x,y>| 4 z(7z eS &<x,z>€A&<z,y>€B)}. 
We write 2A for A + A (and generally (n + 1)A for nA + A). The 
diagonal A(S) is the set { <x,x>| x e S}. A binary relation A on S 
which includes A(S) and is identical with its inverse -A 1s said to be an 
entourage of A(S). Note that, according to this definition, A(S) is an 
entourage of itself and is also the intersection of the family of its 
entourages. If A is an entourage of A(S) and <x,y>eAwe write! x —y| 
< A. The reader should satisfy himself that, if x, y and z are any 
elements of S, and A and B are any entourages of A(S), then! x - x! < 
A;|x-y|<A, if and only if| y-x!< A; and! x-yl<A andl y-zl<B 
only if! x - z! <A+B. Consider now an n-ary relation R picked out by 
the mapping principles of a physical theory from the appropriate 
mathematical theory. Let Dg denote the domain of definition of R, i.e. 
the set of all n-tuples to which X can be meaningfully attributed. Let A 
be an entourage of A(Dr). A determines a blurred relation Ra 
associated with R by the condition: 


Rax - F-y (Ry &|x-yl <A) (9) 


(where the variables x and y range over the set of n-tuples Dr). 
Following Ludwig, we call A an imprecision set (Unscharfemenge) for 
R. Raz is the relation R as blurred by A. Note that the relation R as 
blurred by the diagonal A(Da) is equivalent to R itself. 

The familiar saying that a PT represents this or that kind of 
phenomena only approximately, or to such-and-such approximation, 
can thus be given a precise sense by associating definite imprecision 
sets to all iconic relations involved in the reading of the relevant 
real-texts according to the mapping principles of the PT. We need 
moreover to make sense of the statement that some approximations 
are better or worse than others, and also of the belief, common among 
physicists, that every approximation ought to be liable to gradual 
improvement. Ludwig achieves it by requiring that any imprecision set 
Arg associated in some application with an iconic relation R should 
belong to a uniformity Uz on R’s domain of definition Dg.’ By a 


8 Ludwig 1970; cf. Ludwig 1978, §6. Moulines (1976) used uniformities for explicating 
approximation in physics within the framework of Sneed’s structuralist approach. See also 
Moulines 1982, §2.7; Moulines and Jané 198]. 
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uniformity U ona set S we mean a non-empty collection of entourages 
of the diagonal A(S), such that 


(U1) If A « Uand Bis an entourage of A(S) such that A ¢ C, 
then Be U. 

(U2) If A e Uand B « U, their intersection A 0 Be U. 

(U3) If A e€ U, there is in Ua set B such that 2Bc A. 


A uniformity on a set is weakly ordered by inclusion.° 

Now, if A and B are imprecision sets for a given iconic relation R 
and A is a proper subset of B, it is reasonable to say that R is 
approximated more closely—and hence better—by the blurred rela- 
tion Ra determined by A than by the blurred relation Rx determined 
by B. For the condition A$ B implies that Rpx holds good whenever 
Rax does, but not vice versa—or, in other words, that Rax is strictly 
stronger than Rgx. But why should the imprecision sets for an n-ary 
iconic relation R constitute a uniformity on Dr? One readily sees that 
any such imprecision set Ar must be an entourage of the diagonal 
A (Dr). For the blurred relation Ra determined by A should certainly 
be true of any n-tuple x of which R itself is true; and if Rax is true 
whenever Ry is true, then Ray must be true whenever Rx 1s true. But 
how about the three conditions on uniformities, (U1)-(U3)? (U1) is 
satisfied by all conceivable imprecision sets for R if and only if, given a 
blurred relation Ra which approximately renders R, any blurred 
relation Rg which approximates R less closely, and is therefore strictly 
worse than Ra, also renders R approximately. This certainly sounds 
plausible. (U2) is satisfied if and only if, whenever two blurred rela- 
tions Ra and Rp occur among the approximate renderings of R, the 
conjunctive relationRa & Rp also ocurrs among them. This again 
sounds plausible. But to vindicate (U3) is not so easy. What (U3) says, 
in effect, is that for every conceivable inexact approximation to the 
iconic relation R there is another conceivable approximation which is 
“twice as good” and yet still falls short of exactness. I do not see how 
one could be sure that this is true in every case. Ludwig (1978, p. 55) 


? The concept of a uniformity on a set was introduced by André Weil (1937) asa generaliza- 
tion of the concept of a metric (distance function). The structure <S,U>, where U isa uniformity 
on the set S, is called a uniform space. U induces a natural topology on S, which can be 
characterized as follows: for every entourage V of A(S), let the ball B(x, V) be the set {ylyeS& 
| x-y|< V}; then, if A is a subset of S, A is open in the topology induced by U if and only if, 
for every x « A, there is a V « U such that B(x,v) C A. 
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grants that (U3) is an “idealization”. Yet it does express well the 
physicist’s belief in successive, gradually improving approximations. 
On its behalf one might argue that, in a situation in which a blurred 
relation R is known to be the best conceivable approximation to an 
iconic relation R drawn from some MT, but R is not equivalent to R, 
MT should be replaced by another theory M7”, perhaps involving R 
instead of R. When a better approximation to R is precluded by the 
failure of (U3), an impassable gap is revealed between the theory and 
its real-texts. R cannot then be held as a goal to reach for, and ought 
therefore to be discarded.'” 

The picture of a physical theory that I have sketched, after Ludwig 
in Section (e) should therefore be completed to include—besides 
the mathematical theory MT, the domain of reality W and the 
mapping principle (—)—a family of uniformities { U; }one for each 
iconic relation R; employed in the reading of real-texts. The mapping 
principles that govern the reading of a given real-text under particular 
circumstances must then pick out, from every relevant uniformity, an 
imprecision set by which to blur the respective iconic relation. The 
choice of the appropriate imprecision set may depend on several 
factors. Foremost among them 1s the precision—or rather, 
imprecision—of the instruments used for observation. All instruments 
have a limited power of resolution. This is clearly noticeable when an 
instrument produces numerical readings. There is always then a lower 
bound beneath which the readings either are no longer consistent 
(among themselves and with those of like instruments), or fail to make 
any further distinctions. In other words, beneath that limit the instru- 
ment does not discriminate reliably or does not discriminate at all. The 
instrument’s inaccuracy must contribute to determine the imprecision 
set by which any relation observed with it will be blurred. Suppose, for 
instance, that Dxyz is true of the points x and y and the real number z 
when z is the distance in meters between x and y, and that the 
instrument—or, more generally, the entire procedure—used for meas- 
uring distances in the real-text under consideration accurately discerns 


10 In the above discussion of (U3), the expression ‘conceivable approximation’ should be 
understood not in an absolute sense, but in the context of accepted physical ideas. Thus, for 
example, the conviction that electric charge exists only in integral multiples of a finite quantity 
sets an upper bound to the conceivable improvement of approximations to any iconic relation 
involving test charges (i.e. charges so small that their presence does not affect the electromagnetic 
field). 
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up to | part in 10,000. We should then substitute for D the blurred 
relation D defined by: 


Dxyz ~ Jw(Dxyz &!|z-w!l < 0.0001w) (10) 


(In this example I have made no special allowance for imprecision in 
the identification of points. Though inevitable, it will normally be 
absorbed into the “error” in the measured value of the distance 
function. ) 

A second factor determining the imprecision sets selected for the 
reading of a real-text arises from the fact that experimental situations 
do not exactly satisfy the conditions in which a given physical theory is 
strictly applicable. Predictions that are meant to hold for isolated 
physical systems will be tested on systems that are quasi-isolated. 
Moreover, the need for mathematical tractability imposes streamlined 
conditions which the available real-texts will only approximately ful- 
fil. Thus Galileo’s Theory of Free Fall applies to a ball falling freely ina 
total vacuum ona perfectly flat, frictionless inclined surface. Since no 
such things are available in nature, the blurring of the relations S and 
T, as in (8), must be made to depend not only on the accuracy with 
which points and events can be identified and distances and times can 
be measured between them, but also on the discrepancy between the 
ideal conditions assumed by the theory and those actually prevailing in 
the real-texts. 

A third motive for blurring the iconic relations of a physical theory 
stems from the theory’s mathematics, which usually postulates ordi- 
nary or partial differential equations governing the distribution in 
space and time of the physical quantities of interest to the theory, but is 
unable to provide exact solutions of these equations except unter quite 
special, generally unrealistic initial and boundary conditions. Let me 
illustrate this by quickly recalling the classical reading of the motion of 
Mercury as a test of General Relativity. In its now standard form, it 
employs the Schwarzschild solution of the Einstein field equations. 
This is the exact solution for a static, spherically symmetric, asympto- 
tically flat gravitational field in vacuo.'' Its application to this particu- 


'' Schwarzschild 1916. Droste 1916. The original application of General Relativity to the 
calculation of Mercury’s orbit (Einstein 1915) was based on an approximate solution to the 
Einstein field equations in vacuo. 
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lar case therefore presupposes that Mercury is a freely falling test 
particle of negligible mass; it must also assume that the Sun is perfectly 
symmetric and that it is the only extant source of gravity. Under these 
assumptions, General Relativity almost exactly predicts the part of 
Mercury’s perihelion advance which Newtonian kinematics and 
dynamics do not account for, and which amounts to less than 8/ 10 of 
1% of the total perihelion advance recorded in the laboratory frame. 
The remaining 99.2% is due to the motion of our terrestrial frame in 
the Schwarzschild field of the Sun and to the presence in that field of 
significant gravitational sources, viz. Venus, Jupiter and the other 
planets. Since an exact solution of the many-body problem is not 
available in Einsteinian (nor, for that matter, in Newtonian) dynamics, 
the effect of these additional sources must be handled by approxima- 
tion methods as a perturbation of the Schwarzschild field.'* One 
would generally expect that any imprecision set selected on grounds of 
mathematical impotence will be included in the imprecision set that 
must be assigned to the same predicate because of the inaccuracy of the 
instruments of observation and the imperfect adequacy of the experi- 
mental conditions. But one can occasionally choose to work with a 
cruder mathematics than the given real-text would warrant, because it 
is easier to do so and a higher precision is not needed for the purpose at 
hand. Philosophers tend to think that the pragmatic acceptance of 
inexactitude is the mark of engineering, not science. But engineering, 
in the guise of experimental design, pervades modern physics. 

The approximative nature of physical theories accounts for much 
of the traditional importance of continuity in mathematical physics. 
Let me explain this by means of an abstract but simple example. 
Suppose that the MT of a PT entails that a certain relation R holds for 
an n-tuple in its domain of definition Dk if certain conditions obtain. 
Such conditions can always be conceived as a particular instance of a 
relation C onasuitable set of m-tuples Dc (for sufficiently large m). Dr 
and Dc are topologized in the manner explained in note 9 by the 
uniformities associated with R and C, respectively. If the link between 


'2 Normally one introduces the correction of Mercury’s orbit for the gravitational influence 
of Venus, Jupiter, etc. calculated by the perturbation methods of Classical Celestial Mechanics, 
on the (doubtless valid) assumption that Newton’s theory of gravity provides a sufficiently good 
approximation to General Relativity for this purpose. But one could also apply the methods of 
the so-called Parametrized Post-Newtonian (PPN) approximation, which have been specially 
developed for use with chronogeometric theories of gravity (cf. Weinberg 1972, Chapter 9; Will 
1981, Chapter 4). 
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C and R is determined in MT by a continuous mapping ffrom Dc to 
Dx, then, for every imprecision set € in the uniformity of R, , there is an 
imprecision set 6in the uniformity of C such that Csentails Re - f. (Here 
Cs stands for C as blurred by 6, etc.) Since only blurred relations can 
be read in the real-texts of PT, the entailment of unblurred R by 
unblurred C would be of purely academic interest if fwere not continu- 
ous (in the topologies induced in Dc and Dg by the respective 
uniformities). 

One often hears that physical theories represent their referents 
approximately, through idealized “models.”'* Such a manner of 
speaking easily suggests that the physicist faces on the one hand a 
definite object—system, process, etc.—which he handles and observes, 
while on the other hand contemplating, so to speak with the mind’s 
eye, a simplified image of that object, which imperfectly mirrors it. 
This suggestion may cause us to overlook the fact that the referents of a 
physical theory owe their segregation and articulation to the intellec- 
tual efforts of the theorizer. We tend to forget it because scientific 
thought never arises in a conceptual desert, but follows upon and is 
prompted by a previous grasp of things. But if physical theorizing were 
to abide by that former grasp, while seeking merely to approximate it 
with its “models”, it would indeed be futile and redundant. What is 
observed and handled is not to be decided outside the bounds of 
human discourse; and within those bounds there are no privileged 
oracles to which a physicist must unconditionally submit. The above 


13 This acceptance of model in current philosophical writing must be carefully distinguished 
from the standard mathematical meaning of the same word. In the mathematical acceptance, 
models are models of structures, and a model of a structure of a given type is any set endowed 
with structural features satisfying the requirements of that type. Thus, the set R of the real 
numbers, as structured by addition and multiplication, is a model of the type of structure known 
as a field. This is the sense in which I have used the word model throughout my discussion of 
Sneed’s work. The other, common philosophical sense of model, which I shall signal by using 
scare quotes, is closer to ordinary speech. A “model” in this sense is a representation of an 
individual or generic object by an object of a different sort. Just as one can speak of a cardboard 
model of the Parthenon, one speaks nowadays of a computer “model” of the American economy. 
A model in the mathematical sense can be as concrete as one desires without thereby clashing 
with the abstract structure modelled by it. The latter's features are further specified by the model's 
peculiar properties. Thus, the fact that every Cauchy sequence of real numbers converges to a 
limit in R does not follow from R's being a model of a field, but it does not in any way detract 
from it. But a “model” in the other sense usually has properties of its own that one will do wellto 
ignore in order to see it as a “model”: a cardboard model of the Parthenon collapses under heavy 
rain, A computer “model” of a market economy does not produce any tangible goods or evils 
(except perhaps indirectly, through the use that can be made of it to influence a real economy), 
etc. 
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remarks concerning approximation and continuity indicate that ideal- 
ization in physics runs further and deeper than the talk of “models” 
would imply. Approximation by a conceptual structure only makes 
sense if the objects approximated by it are incorporated with it ina 
broader structure, which is also conceptual. If every attempt to under- 
stand nature by means of so-called mathematical—.e. exactly defined 
—concepts amounts to an idealization, then, in physics, idealization 
is pervasive; for the blurred relations in terms of which the phenomena 
are actually read by a physical theory are no less mathematical than 
the unblurred relations that go into into their definitions. 


(gz) On Relations Between Theories 


By judiciously combining Ludwig’s approach with some ideas of 
Sneed we can draw a sketch of the internal organization of physical 
theories which will be useful for studying their mutual relations. Both 
Sneed and Ludwig build their prototype of a physical theory around a 
mathematical core. | am not inclined to identify this core with a set of 
sentences of a formal or informal language, let alone with a set of 
uninterpreted formulae of a so-called calculus. | recommend therefore 
that we regard, with Sneed, the mathematical “heart” (or should | 
rather say, the “brain”?) of a physical theory as a concept—viz. a 
species of structure—by which the physical phenomena to which the 
theory purportedly applies are to be grasped. Sentences (“theorems”) 
are still required for spelling out the implications of bringing some- 
thing under that concept, but diverse alternative sets of sentences can 
perform this task. The theory’s Sneedian “applications” crystallize 
naturally enough around its Ludwigian “real-texts”. Sneed’s notion of 
“constraints” nicely captures the way how a theory’s “texts” are bound 
together into a coherent “domain of reality”. I have argued that 
Sneed’s conception of the “partial models” of a physical theory, which 
are fully describable by means of the latter’s “non-theoretical” terms, 
ought to be discarded as a barren remnant of the futile foundationalist 
quest for certainty. On the other hand, I do not dispute the usefulness 
of Ludwig’s distinction between a theory’s “fundamental domain” of 
observable “real-texts”, and its completion by the theory’s hypotheses 
into a full “domain of reality”. This distinction somehow parallels 
Sneed’s contrast between partial and full models; and indeed Ludwig 
also shows a deep and, to my mind, unjustified distrust of creative 
understanding when he requires a theory to describe its real-texts in 
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borrowed terms—whereas it is usually the failure of earlier science and 
plain common sense to provide a cogent reading of such texts that 
motivates the development of new theories. I propose that we pay no 
heed to this requirement of Ludwig’s. Not only is it up to a physical 
theory to say what is or is not to be seen in its real-texts; but, moreover, 
the frontier between the latter and the conjectured “domain of reality” 
beyond them will shift as the theory becomes gradually entrenched and 
some of its initially adventurous hypotheses come to be accepted as 
observation data (generally because the hypothesized entities are being 
detected as a matter of course with instruments built to the theory’s 
specifications). The crowning feature in Ludwig’s picture of a physical 
theory are the “mapping principles”. A counterpart to them is entirely 
missing in Sneed’s scheme of things. Such “mapping principles” are 
hard to explicate and probably impossible to codify, but they come 
closest to expressing the intellectual feat by which the theoretical 
physicist seizes on a fragment of experience and articulates it as a 
concrete illustration of an abstract mathematical structure. The philo- 
sopher who ignores them—or who, worse still, reduces them to arbi- 
trary lexical conventions—is reaching only for the mindless cadaver of 
a physical theory. 

From our present standpoint it seems natural that physics should 
develop many theories, both successively and simultaneously, proffer- 
ing different structures to deal with the various real-texts we can 
discern all about us. According to the foregoing sketch such theories 
might be quite disparate, for, although every one of them must cut out 
its real-texts from the same all-engulfing stream of life, each theory 
does it after its own manner, and completes them by means of its 
peculiar hypotheses, thereby building its own “domain of reality”. In 
actual fact, however, all the known theories of physics are mutually 
related, either directly or through the mediation of others. Towards 
the end of this section I shall describe and illustrate several types of 
relations between physical theories. But before doing so I must briefly 
comment on the common grounds on which such relations can rest. 

Two theories, 7; and 72 can seek to account for the same pheno- 
mena; or, in the jargon we have chosen, they may share (at least some 
of) their real-texts. This seems too obvious to require any discussion; 
but it is important to be clear about what it actually involves. Believers 
in senseless reference will sense no difficulty here (cf. Schwartz 1977). 
For them any object or collection of objects—things, processes, 
events, qualities, quantities, etc.—can be unambiguously referred to 
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by a person, independently of how she conceives it. On their view, you 
can show precisely what your finger is pointing at, without your having 
to grasp it, say, as a lake, or a surface, or a glitter. But anyone who has 
outgrown such blissful irreflectiveness should carefully consider how 
the real-texts of two conceptually different theories can nevertheless be 
said to be the same. If 7, and 7) were two comprehensive mutually 
exclusive conceptual schemes such that the “conversion” from one to 
the other would send the convert into “a different world”, there could 
be no question of identifying a real-text of 7) with one of 7;.'* But no 
such global scope can be attributed to physical theories, which are not 
intended as Weltanschauungen but are like little hard clear-cut gems 
strewn in the magma of human understanding. Metaphors aside, it is 
clear that every physical theory is developed by people who already 
have some grasp, however unsatisfactory, of their environment, and 
particularly of the matters on which the new theory will be brought to 
bear. Today such “pretheoretical” understanding is nourished to a 
considerable extent by earlier physical theories, some of which may 
appear to be in dire need of replacement or repair—otherwise, what 
inducement would there be for creating a new one?—., but which still 
guide the selection and the rough preliminary scanning of the real- 
texts whose detailed articulation is the appointed task of the new 
theory. The continuity of thought on the way towards an improved 
reading of those texts certifies and in a sense constitutes their same- 
ness. Such continuity depends, in turn, on the persistent use, through- 
out the entire development, of the same auxiliary theories, e.g. for 
designing the experiments, calibrating the instruments, interpreting 
and controlling the results; and also, indeed, on the pervasive intellec- 
tual support provided by common sense. As conceptual change is never 
total, but must occur—in order to be a change—against a backdrop of 
conceptual permanence, it will not normally bring about a complete 
breakdown of reference. 

A somewhat unusual example which nicely illustrates how a new 
physical theory is apt to retain and yet remake an inherited real-text 
has been recently analyzed by Andy Pickering (1984). Until the late 
sixties, the available theories of weak interactions (Fermi 1934, Feyn- 
man and Gell-Mann 1958, Sudarshan and Marshak 1958) sought to 
account for so-called charged-current events, in which two weakly 


'4 Dudley Shapere (1964, 1966) made this point against Kuhn and Feyerabend. Cf. Shapere 
1984, pp. 45f., 73. 
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interacting particles respectively acquire and lose one electric charge 
(supposedly through the mediation of a charged particle emitted by one 
of the interacting particles and absorbed by the other); but precluded 
the existence of neutral-current events, in which no such exchange of 
electric charge occurs between the interacting particles. The charged 
and neutral current terminology arose from the analogy of the quan- 
tum field theory of electromagnetic interactions between charged 
particles, viz. quantum electrodynamics (QED). “In QED, the interac- 
tion between electric currents is mediated by an electrically neutral 
particle, the photon. Thus the ‘interaction current’ carried by the 
photon is an electrically neutral current. In 1933, Fermi suggested that 
the weak interactions have a field-theoretic form analogous to that of 
QED, except that the interaction current [...] would in this case carry 
non-zero electric charge.” (Pickering 1984, p. 89n.) The exclusion of 
weak neutral currents agreed well with experience, for in point of fact 
only weak charged currents had been observed. However, the unified 
theory of electromagnetic and weak interactions independently pro- 
posed by Steven Weinberg (1967) and Abdus Salam (1968) predicted 
the existence of weak neutral currents. A few years later the prediction 
was tested and confirmed by an experiment carried out in the new 
giant bubble chamber Gargamelle at CERN (F.J. Hasert et al. 1973a,b; 
1974). Gargamelle holds 18 tonnes of liquid freon (CF;Br) surrounded 
by some 1000 tonnes of walls and ancillary equipment. The liquid is 
held under pressure, on the verge of boiling. When pressure is relaxed, 
small bubbles form along the course of every charged particle that 
happens to be crossing the freon tank. By synchronizing pressure 
relaxation with the firing of a particle beam and shutter release in 
well-placed cameras one obtains a photographic record of the trajecto- 
ries of charged particles. High-energy neutrinos fired at Gargamelle’s 
belly should weakly interact either with leptons, such as electrons, or 
with hadrons, specifically neutrons. Hasert et a/. claimed to have 
detected a single instance of weak neutral-current interaction between 
neutrinos and atomic electrons in a total of over 700,000 photographs. 
They also reported having found, in a total of 290,000 photographs, 
about 400 charged-current and 100 neutral-current neutron-neutrino 
interactions. Pickering’s discussion is only concerned with the latter. 
Charged-current neutron-neutrino interactions are readily recognized 
because the incoming neutrino turns into a charged lepton, whose 
track is recorded in the photograph. But the photographic evidence of 
a neutron-neutrino neutral-current interaction can only consist in the 
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tracks of the spatter of charged hadrons generated by the neutron’s 
decay (upon interacting with the energetic neutrino). However, a 
spatter of the same type may arise if the neutron collides with another 
neutron issuing from a charged-current event outside the freon tank. 
Stray neutrinos are bound to produce such charged-current events in 
the bubble chamber’s walls and equipment. By a sophisticated chain of 
statistical inferences, Hasert et al. filtered the hundred or so “genuine” 
hadronic neutral-current events claimed by them from among the 
background noise attributable to external charged-current events. 
Such procedures are of course normal in experimental science and 
illustrate the difficulties in establishing the real-texts on which one’s 
theory is to be brought to bear. The question that, following Pickering, 
we must now ask is why, if the Gargamelle collaboration succeeded in 
detecting one hadronic weak neutral-current event for every four 
charged-current ones, no such events had been observed before. The 
answer is quite simple: since neutral-current weak interactions were 
not supposed to exist according to pre-1967 theories no complex — 
statistical computer program was developed for eking out neutral- 
current events from under the rubble of hadronic showers caused by 
the fall-out from external charged-current events, and all recorded 
showers of this sort were discounted as noise and were therefore left 
out from the real-texts under consideration. Indeed, even when some- 
one expressed an interest in such events he would assume as a matter of 
course that they were due to strong neutron-neutron, not weak 
neutron-neutrino interactions (cf. G. Myatt 1969, p. 146; quoted by 
Pickering 1984, p. 99). Confronted with the same experimental 
records—readily identifiable by common sense, assisted perhaps by 
library science—a post-1975 physicist would doubtless draw a differ- 
ent line between the relevant and the irrelevant. Curiously enough, ina 
detailed study of neutrino runs from 1963 to 1965, E.C.M. Young 
(1967) had given a careful estimate of the neutron-induced back- 
ground, implying that the latter could account for most, but not all, the 
observed events of the neutral-current type. “Left unaccounted for 
were around 150 neutral-current type events, to be compared with 
around 570 positively identified charged-current events: a ratio of 
roughly one neutral-current event to every four charged-current 
events—the same as that which was later reported from Gargamelle.” 
(Pickering 1984, p.99; Pickering notes that “Young did not state this 
conclusion explicitly, but it follows directly from his background 
estimate and the counts of various types of event on film”.) The weak 
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neutral current, some will tell us, was always there, but scientists were 
prevented from seeing it by their prejudices. And this is indeed a fair 
thing to say, provided that one bears in mind that what now capaci- 
tates them to see what they formerly overlooked must in this idiom 
also be called a “prejudice” (albeit at this point a “usable” one). 


The example I have taken from Pickering illustrates particularly 
well how reference is refocussed through conceptual change. This 
phenomenon, however, should be discernible everywhere, though 
camouflaged, so to speak, by the ordinary imprecision of our thinking. 
(If one knows only roughly what one is talking about, one may 
reconceive it and still claim that one is speaking about “the same 
thing”.) Anyway, it ought to be clear by now that physical theories can 
share facts only insofar as they also share some thoughts, and that 
concepts, in spite of their flexibility—or perhaps because of it—, 
provide a less shifty ground than observations for building bridges 
between those theories. When dealing with the conceptual side of 
physics one may distinguish between the well-defined mathematical 
structures that are the backbone of particular physical theories, and 
certain overarching ideas that have guided the formation or selection 
of those structures and have inspired the mapping principles that bind 
them to experience. I referred already to the importance of such 
general ideas when speaking of Galileo. A deeper probe into the 
subject would require more space than I have available here, and must 
wait for another time, I shall therefore confine myself to a few remarks 
on shared structures. 


Two theories, 7; and 72, can have the same mathematical struc- 
ture (M7; = MT», in Ludwig’s symbolism) and yet be different because 
they refer to different domains of reality (W, # W2). Such structural 
identity can be very beneficial, as advances in one area can then be used 
without delay in the other. Indeed, I surmise that analogies in physics— 
whose purportedly explanatory value was much talked about in the 
sixties—owe their significance mainly to this possibility of extending 
to a new field, through a shared structure, the mathematical methods 
of problem solving already available elsewhere. In principle it could 
also happen that 7) and 7 share both their structure and their domain 
and still 7; ~ 72, because they differ in their mapping principles. But 
this situation, of which one can find, mutatis mutandis, plenty of 
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instances in mathematics,'> im physics would appear to be pretty 
far-fetched. 

Philosophically, much the more interesting case occurs when our 
two theories seek to account for roughly the same phenomena, and 
their mathematical structures, though different, are more or less 
closely related to one another. This case is quite common and many 
examples of it come at once to one’s mind. The field of real numbers, 
R, is an ingredient of the mathematical core of virtually every physical 
theory. The mathematical structures of both Newton’s and Einstein’s 
theory of gravity can be built around the concept of a linear connection 
on a four-dimensional differentiable manifold. The currently fashion- 
able gauge theories of elementary particle physics share the notion of a 
fibre bundle acted on by a Lie group. Each theory has its own distinc- 
tive group, and hence a different structure, but their comparability is 
ensured by the conceptual affinity of all such structures. 

If the theories 7; and 72 deal with the same real-texts—in some 
appropriate, duly qualified sense of ‘same’—one of them, say 7) can 
be a specification, or an extension, or arestatement of the other; but 7> 
can also be proposed as a substitute for T7;. A few examples will clarify 
these four types of relations between theories, while illustrating the 
role of shared structures. 

A physical theory can be made more specific by imposing addi- 
tional conditions on its mathematical structure. Thus, the diverse 
classical force laws, such as Newton’s Law of Gravity, or Hooke’s Law, 
specify the rather general theory that Sneed calls Classical Particle 
Mechanics (CPM), which is characterized by Newton’s Second Law of 
Motion. (Cf. Part I, footnote 8.) Without such specifications the 
general theory is indeed no more than a vacuous scheme, and in 
ordinary scientific talk one would not say that the several force laws 
generate so many specific theories, distinct from CPM, but rather that 
they develop the latter and make it applicable. Nor would anyone say 


'S We obtain a model M of the real projective plane by equating its ‘points’ with the straight 
lines through a given point P in Euclidian space. Three such ‘points’ are said to be ‘collinear’ if 
they lie on the same plane through P. Asa collection of ‘collinear points’ every plane through Pis 
automatically equated with a projective ‘line’. We obtain another model M’ of the real projective 
plane by equating its ‘points’ with the planes through P. Three such ‘points’ are ‘collinear’ if they 
meet on the same straight line through P. As a gathering of ‘collinear points’ every Euclidian 
Straight line through P becomes in M’ a projective ‘line’, M and M’ are realizations of the same 
abstract structure in the same domain, namely, the straight lines and planes through P, coupled 
by the symmetric relation of incidence between straights and planes. But M and M’ differ in the 
manner how they map that structure on this domain. 


170 


that the diverse solutions of the Einstein field equations obtained by 
imposing conditions on the stress-energy tensor generate new theories 
of gravity, distinct from General Relativity, although they evidently 
specify this theory in the same sense in which the force laws can be said 
to specify CPM. In fact, the multiplication of physical theories where 
one is a specification of another may be just an artifact of our analysis. 
Anyway, this does not seem a big price to pay for its advantages.'® 
We turn now to the more interesting case in which a physical theory 
can be said to be an extension of another one. I wish this to be 
understood strictly. The extended theory 7») must agree exactly with 
the restricted theory 7\ in dealing with the kind of situations for which 
7; was intended (or, at any rate, is still usable); but must also be 
applicable in other cases. This is achieved if the mathematical struc- 
tures of 7; and 7> are such, respectively, that the former can be 
conceived as a special case of the latter. 19th century theories of 
electrodynamics aimed at being extensions, in this strict sense, of the 
mathematical theory of the electrostatic potential due to Poisson. 
Note that in any non-trivial case such as this one the extended theory 
T> is not obtained simply by relaxing the conditions on the mathemati- 
cal structure of 7) so as to enlarge its set of models. Of course, 
according to my characterization of theory extension, the models of 7; 
must be contained in a proper subset of the set of models of 7>. But the 
latter will meet specifications of its own which cannot be conjectured | 
by examining the structure of 7). By merely relaxing the requirement 
that all charges be at rest you will not go very far towards guessing the 


'6 Sneed originally handled special laws, such as the classical force laws, as part of what he 
termed the expanded core of the relevant TMP. (Cf. Sneed 1971, p. 169, D32.) However, this 
approach was subsequently abandoned by him and his school for reasons that W. Stegmiiller 
explains as follows: “This method has several disadvantages, theoretical as well as practical ones. 
The main theoretical shortcoming was that laws and constraints could not be analyzed separately 
[...]. Therefore, for example, no systematic distinction could be made between laws of different 
degrees of generality. A great practical disadvantage was the clumsiness of the ‘application 
function’ which was needed in order to formulate empirical claims. It was the idea of Wolfgang 
Balzer, Munich, to reconstruct a special law as a miniature theory or a Sub-theory obtainable 
from the original theory by means of core specializations. [...] The new method makes no formal 
distinction between theories and laws. Let us therefore coin the new term ‘theory-element’ tor 
both of them. What was originally called ‘the theory’ now becomes the distinguished theory- 
element from which all specializations start. This is called the basic element whose first member is 
the basic core. What results from this method of introducing new laws by specialization ts a whole 
net of theory-elements or briefly: a theory net [...]. The hierarchical structure, consisting of the 
fundamental law, general laws, and more specific laws, is made much more perspicuous by 

theory-nets and core-nets than by the method of expanded cores.” (Stegmiiller 1979, pp.26f.) 
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Maxwell equations and the Lorentz force law from Poisson’s equation 
and Coulomb’s law. There are instances, however, in which the mathe- 
matics of a physical theory, viewed under the proper light, may suggest 
how to proceed to a required expansion of that theory. Consider the 
transition from Special to General Relativity. The Principle of Equi- 
valence first stated by Einstein in 1907 implies that an inertial frame is 
physically equivalent to a non-rotating frame falling freely in a uni- 
form gravitational field. This in turn implies that inertial frames 
cannot coexist with non-uniform gravitational fields and must there- 
fore be infinitely remote from all sources of gravity. Now, the flat 
Minkowski spacetime geometry of Special Relativity guarantees that 
an inertial frame endowed with Einstein time can be constructed 
everywhere. Einstein’s Principle of Equivalence entails therefore that 
the spacetime geometry cannot be flat unless the gravitational field is 
uniform. This may suggest a link between gravity and the Riemannian 
curvature of spacetime. With the benefit of hindsight, we find the 
suggestion fairly obvious; but it also seemed natural to Einstein’s 
mathematician friend, Marcel Grossmann,who, in 1912, directed Ein- 
stein’s attention to Riemannian geometry. The suggestion, however, 
did not furnish Einstein with the field equations establishing the 
required link between the spacetime curvature and the stress-energy 
tensor that represents the distribution of matter: he did not light on 
them until November 1915. The flat Minkowski geometry is an exact 
solution of the field equations in the special case in which spacetime is 
wholly empty. (However, it is not the on/y such solution.) It also agrees 
with the structure of the tangent space at each point of the spacetime 
manifold. This entails that a non-rotating freely falling frame may be 
regarded as inertial to within the approximation in which the local 
gravitational field is uniform. In this qualified sense, Special Relativity 
can be said to be locally valid in a curved relativistic spacetime. 

It sometimes happens that two physical theories, while ostensibly 
differing from one another in their conceptual make-up, yield never- 
theless exactly the same predictions for each conceivable input of data 
(conceivable, that is, in terms of either theory). In such cases it seems 
reasonable to regard the younger theory, call it 7>, as a mere restate- 
ment of the older theory 7). It may be the case that 7; and 7> have been 
developed independently, and that their equivalence comes to their 
authors as a pleasant or unpleasant surprise. A rather striking example 
of such unexpected concurrence of theories was provided by Schrédin- 
ger’s discovery that his Wave Mechanics is mathematically equivalent 
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to Heisenberg’s Matrix Mechanics, though their guiding motives were, 
in a sense, diametrically opposite (Schrodinger 1926). Or 7) may have 
been deliberately worked out in order (a) to assist in the solution of 
problems which had proved intractable for 7); or (b) to reach a better 
understanding of the purport of 7); or (c) to make it easier to compare 
7, with still a third theory that is meant to replace it. Hamilton’s 
version of classical mechanics—as an alternative to Lagrange’s—is an 
example of case (a); (b) was the sole aim of Minkowski’s restatement of 
Einstein’s Special Relativity as a spacetime theory; and the four- 
dimensional formulations of Newton’s Theory of Gravity (Cartan 
1923, Friedrichs 1927, Havas 1964), which placed it squarely at the side 
of Einstein’s General Relativity, may illustrate (c). I surmise that in all 
cases of this kind 7; and 7} will be found to share one and the same 
mathematical structure, which each theory typically characterizes by a 
different set of sufficient conditions, while its necessary conditions are 
never fully spelled out. (Hence the apparent structural differences 
between 7; and 7>.) 

My surmise is easily corroborated in the case of Einstein’s and 
Minkowski’s formulations of Special Relativity. Einstein (1905) 
referred the laws of nature and the description of phenomena to 
inertial frames furnished with Einstein time coordinate and Cartesian 
space coordinates mutually related by Lorentz transformations (Jner- 
tialsysteme). Minkowski’s spacetime can be constructed from any such 
Inertialsystem as follows: Let T denote the domain of its time coordi- 
nate and let D denote the domain of its Cartesian coordinates x, y and 
z. Form the Cartesian product T X D= M. If g and h denote the 
projections of M onto Tand D, respectively, the composite mappings 
tg, xh, yhand zhare the coordinates of a global chart on M, whose very 
existence suffices to make M into a real differentiable 4-manifold. 
Endow M with the Riemannian metric n, whose components with 
respect to the chart (tg,xh,yh,zh) are nu: =-C’, mx = My = Ne = 1, nji=Oif 
i#%~j (where c stands for the vacuum speed of light measured in the units 
employed in defining ¢, x, y and z). <M,n> is Minkowski spacetime. 
On the other hand, if the Minkowski spacetime <M,n> is given, 
Einstein’s /nertialsystem can be readily carved out of it. Take a congru- 
ence K of parallel timelike straights in M. There is a unique foliation H 
of M into spacelike hyperplanes orthogonal to the straights in K.'’ Say 


17 Let M be an n-dimensional differentiable manifold. A congruence in M is a collection of 
curves in M such that each point of M lies on one and only one of them. A foliation of M is a 
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that two points in different hyperplanes of H are isotopic if they lie on 
the same straight of K. Say that two points in different straights of K 
are simultaneous if they lie on the same hyperplane of H. Equate the 
distance between two collections P and Q of isotopic points with the 
spacelike separation between any point p of P and the one and only 
point of Q which is simultaneous with p. The set D of all collections of 
isotopic points is made thereby into a Euclidian space. Equate the time 
interval between two collections P and Q of simultaneous points with 
the proper time elapsed along the segment joining any point p of P with 
the one and only point of Q which is isotopic with p. The set T of all 
collections of simultaneous points is thereby endowed with Einstein 
time. D and TJ are to be regarded as the domains of space and time 
coordinates adapted to a particular /nertialsystem. In this way, each 
global Jnertialsystem is determined by a unique congruence of timelike 
straights in <M,n>. 

The presence of a common structure underlying both Lagrangian 
and Hamiltonian dynamics—insofar as they are equivalent —has been 
laid bare by the modern differential-geometric approach to classical 
mechanics. Roughly, the idea is as follows: The motion of a system 
with n degrees of freedom can be represented by a curve +, parame- 
trized by time, in a real n-dimensional differentiable manifold, the 
system’s configuration space M. Lagrangian dynamics calculates -y 
from the behavior of the Lagrangian of the system, which is a real- 
valued function on the tangent bundle 7M. Hamiltonian dynamics 
calculates y from the behavior of the Hamiltonian of the system, 
which is a real-valued function on the cotangent bundle 7* M. A given 
Lagrangian L determines a Hamiltonian H, and vice versa, if and only 
if certain conditions are met; viz., given L, if and only if a certain 
mapping of TM into 7* M, sometimes called the fiber derivative of L,'* 


collection of hypersurfaces (i.e. (m-1)-dimensional submanifolds) of M such that each point of M 
lies on one and only one of them. 

'8 The following definition of the fiber derivative suffices for our purposes. Let E be a vector 
bundle over a manifold M, and let E, denote the fiber of E over peM. E, is then a vector space. If 
vis a vector in &£,, pts the projection of vin M, viz. p= mv. Let £(E,,R) denote the linear space of 
all real-valued linear functions on £,. The fiber derivative of fis then the mapping of E into the 
union of the linear spaces L(E,,R) (peM) which assigns to each v in E the derivative Df,,(v). The 
reader will recall that, if 7, and 7,*M denote respectively, the tangent and the cotangent 
space at peM, then 7,*M = [(7,M,R)and 7,M can be identified with £(7,* M@,R). A somewhat 
more general definition of the fiber derivative is given in Abraham and Marsden 1978, 
p. 209. 
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is a diffeomorphism (i.e. an isomorphism of the differentiable struc- 
tures): or, given H, if and only if the homologous mapping of 7* M into 
7’M— the fiber derivative of H—is a diffeomorphism. Note that if 
either fiber derivative is a diffeomorphism, so is the other, and each is 
the inverse of the other. (See, for instance, Abraham and Marsden 
1978, Chapter 3, “Hamiltonian and Lagrangian systems” .) 

Strictly equivalent physical theories, in the sense we have been 
considering, agree exactly on all their predictions from any conceiva- 
ble data input. One may also wish to consider theories that agree on all 
their verifiable predictions from any available set of data. Let us say 
that two such theories are observationally equivalent. Observationally 
equivalent theories may be quite different in their respective mathem- 
atical set-up, but they must share some structural features if they are to 
make predictions from the same data. In view of the inaccuracy of 
available data, the agreement required for observational equivalence 
need only be approximate. Moreover, it can vanish as the methods of 
observation evolve. However, Clark Glymour (1977) has found appli- 
cation, in the context of General Relativity, for a stronger, irrevocable 
relation of observational equivalence between mathematically inequi- 
valent structures. It rests on the fact that in a relativistic spacetime all 
data employed in a physical calculation must issue from the calcula- 
tor’s causal past.” Consequently, if two non-isomorphic models of 
General Relativity are such that the causal past of any arbitrarily 
chosen timelike curve in either model is isomorphic with the causal 
past of a timelike curve in the other, then, according to the theory, it is 
impossible to decide on empirical grounds whether the world agrees 
with one of those models or with the other. For reasons of mathemati- 
cal expediency, Glymour’s discussion turns on the isomorphism of 
chronological—not causal— pasts in non-isomorphic spacetimes.”° 
Two spacetimes M and M’ are said by Glymour to be observationally 
indistinguishable if for any future-directed, future-inextendible, time- 
like curves yin Mand o’in M’ there are curves of the same type y’inM’ 


9 The causal past J (x) of a spacetime point x is defined by the condition: yeJ/J (x)if and 
only if y is the origin of a future-directed null or timelike spacetime curve that ends in x. The 
causal past / [+] of a timelike curve y is the union of the causal pasts of the points on y. 

20 To define the chronological past of aspacetime point or curve just delete the words ‘null 
or’ in the definitions in note 19. In the manifold topology of a relativistic spacetime the chronologi- 
cal past of a point or curve is always an open set, whereas its causal past may be neither open nor 
closed. 
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and ain M, such that the causal past J [y]of yisisometric with/ [+] 
and J [o]is isometric with J [o’].”' Glymour constructs several pairs of 
observationally indistinguishable spacetimes such that the underlying 
manifold of one member of a pair is a covering space of that of the 
other, or that both have a common covering space.** But Malament 
(1977) gives other examples not subject to this constraint. Malament 
also introduces a weaker, asymmetric, relation of observational indis- 
tinguishability between spacetimes, which is probably more significant 
than Glymour’s from an epistemological point of view. A spacetime M 
is weakly observationally indistinguishable (w.o.i.) from a spacetime 
M’ if for every point x in M there is a point x’in M’suchthat J (x) is 
isometric with J (x’). If M is w.o.1. from M’, an observer in M is unable 
to tell at any time of his life whether he lives in M or in M’, even if he 
happens to be immortal. Malament lists several important global 
properties of M which might not be shared by M’ if the former is w.o.1. 
from the latter.*’ He remarks that the notion of weak observational 
indistinguishability 


seems a straightforward rendering of conditions under which observers 
could not determine the spatio-temporal structure of the universe. Yet, and 
this is the most interesting, the condition of weak observational indistin- 
guishability is so widespread in the class of space-times as to be of epidemic 
proportions. 

(Malament 1977, p. 69.) 


aa | follow Malament 1977, p. 63. The definition in Glymour 1977, p. 52, amounts to the 
same, but seems to me less perspicuous. 

22 Let A and B be two topological spaces. A is a covering space for Bif there exists a covering 
map J: A- B, i.e. a continuous mapping of A onto B subject to the following condition: every point 
p in B has an open neighborhood U whose inverse image f '(U) is a union of disjoint open sets of 
A, everyone of which is mapped homeomorphically by f onto U. (A homeomorphism is an 
isomorphism of topological spaces.) 

23 Namely, orientability, spatial orientability, inextendibility, non-compactness, causality 
and strong causality, the existence of a global time function and the existence of a Cauchy 
surface. A spacetime is causal if it contains no closed future-directed causal (i.e. null or timelike) 
curves; it is strongly causal if every neighborhood of each spacetime point p includes a neighbor- 
hood of p into which no causal curve enters more than once. A set S of spacetime points is a 
Cauchy surface if no point of S lies in the chronological past of another point of § and for every 
spacetime point z every inextendible timelike curve through z meets S. In the absence of a Cauchy 
surface, causal influences can always unpredictably ‘rush in from infinity’. Malament shows that 
the condition of non-compactness need not be shared by two spacetimes when they are observa- 
tionally indistinguishable (0.i.) in Glymour’s strong sense. Since the latter relation is symmetric, 
compactness, too, need not be shared by 0.i. (nor, consequently, by w.o.i.) spacetimes. Compact- 
ness may therefore be added to the above list. On the other hand, I have deleted the first property 
listed by Malament, namely, temporal orientability, because the very definition of weak observa- 
tional indistinguishability presupposes that both terms of the relation contain future-directed 
curves, and this cannot be the case unless both are temporally orientable. 
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For a professed “scientific” realist like Glymour, the discovery of 
observationally indistinguishable spacetimes in General Relativity 
must have come as a shock. But it also deserves the attention—and the 
gratitude—of those of us who do not subscribe to that philosophical 
creed, for it contributes to undermine the popular opinion that “scien- 
tific” realism is relevant to scientific discourse. 

Finally, let us consider the relation between a theory 7; and a 
structurally different theory 7> that is intended to displace it and 
replace it. Obviously, we shall speak of displacement or replacement 
only if 7; has a place of its own in science, in which it has become 
entrenched by its success in accounting for its domain of reality. An 
inducement to replace such a “well-placed” theory 7, can then arise 
from “anomalies” —i.e. from real-texts purportedly within its scope 
which 7) has persistently failed to read satisfactorily—or from the 
dismissal of some other theory associated with it, which has gone 
bankrupt while 7) retains an air of solvency. Examples of anomalies 
abound in the literature on the growth of science. Let me mention, 
without further comment, the measurements of specific heats at low 
temperatures, which remained intractable until the innovative work of 
Einstein (1907; but see Kuhn 1978, p. 212). The most remarkable 
instance of guilt by association in the history of physics is presumably 
that of Newton’s Theory of Gravity, which at the turn of the century 
could boast of a predictive precision unmatched by any other physical 
theory and hardly showed any anormaly worth mentioning, and yet 
had to be replaced because the Newtonian kinematics on which it 
rested crumbled under Einstein’s criticism (prompted by the quest for 
a viable electrodynamics of moving bodies). 

To provide an alternative to the established theory 7,, 7>should of 
course give a satisfactory account of the real-texts on which 7; based it 
success. Although 7> will propose a different conception of those 
real-texts, it will usually proceed from the same analysis on which their 
normalization in terms of 7; depends (cf. p. 149). In other words, while 
T> will give a new reading of them, it will—at least initially—tretain 7;’s 
spelling. This should provide ample grounds for comparison between 
them. Unless, indeed, 7> issues from a successful criticism of the very 


24 Empiricist philosophers subsequently made a great fuss about Mercury's perihelion 
advance, an “anomaly” of Newton’s Theory of Gravity allegedly solved by Einstein's General 
Relativity; but in fact the evidence that this phenomenon provides for the latter theory depends 
on questionable assumptions regarding the shape of the Sun. 
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elements of 7\’s approach to phenomena; in which case such a compar- 
ison would not be called for. 

Philosophers of science have often used the term ‘reduction’ to 
describe the relationship between (a) an entrenched physical theory 7; 
and (b)a different theory 72 that replaces 7; on the grounds that 7> ac- 
counts for every observation that supports 7; and has, moreover, other 
advantages. (The advantages of 72 over 7 can be, for instance, (i) that 
it accounts better than 7; for new, improved observations within the 
latter’s domain; or (1i) that it also accounts for observations beyond that 
domain; or (iii) that it is “simpler” or more “elegant” than 7}; or 
(iv) that it is “deeper”, etc.) However, not all philosophers understand 
intertheoretic reduction in the same way. In the heyday of “logical 
syntax” and “the formal mode of speech”, the relation was defined for 
pairs of theories expressed, with partly disjoint vocabularies, in the 
same formal language. It was then said that 7> reduced T, if every 
theorem of 7; could be derived in their common language from 
theorems of 72 conjoined with “bridge laws” that stated, by means of 
the predicates of one theory, necessary, or sufficient, or necessary and 
sufficient conditions for predicates of the other. Ernest Nagel (1949) 
noted that, lest the reduction be trivial, the bridge laws cannot just 
follow from definitions and the laws of logic, but must be scientific 
hypotheses liable to empirical confirmation or disconfirmation. This 
would mean that, unless the predicates of 7; also belong to 7> (the case 
of “homogeneous reduction” that Nagel leaves aside an unproble- 
matic), 7; is being reduced in effect, not to 7> alone, but to a stronger 
theory, viz. the union of 7> and the bridge laws. It implies moreover (in 
the case of “inhomogeneous reduction” considered by Nagel) that the 
predicates of 7; and 72 which occur in the bridge laws make sense even 
when they are torn out of their native theoretical context and 
employed in statements that belong to neither theory. According to the 
philosophical tradition then favored by Nagel, that would indeed be 
true of “observational”—as opposed to “theoretical”—predicates. 

But Nagel’s own examples—viz. ‘kinetic energy’ and thermody- 
namic ‘temperature’—would hardly qualify as “observational”. The 
bridge laws can be dispensed with, however, if one gives up thinking 
that the “reduced” or “secondary” theory 7; must somehow be deriva- 
ble from the “reducing” or “primary” theory 7;. Such a stance was 
taken by Kemeny and Oppenheim (1956). They relinquished all idea of 
linking the structures of the reduced and the reducing theories, and 
defined intertheoretic reduction relative to a set of observational data. 
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As they put it, 7; is reduced by means of 7) relative to observational 
data Oif (1) the vocabulary of 7; contains terms not in the vocabulary 
of 7; (2) any part of Oexplainable by means of ni Is explainable by 7); 
and (3) 7> is at least as well systematized as 7}.~ 

Kemeny and Oppenheim’s definition of data-relative intertheoretic 
reduction plainly assumes that the observation data O can be identi- 
fied and described apart from the theories 7; and 7> which are sup- 
posed to share and explain a non-empty part of them. The inadequacy 
of this crude understanding of observation was one of the main 
grounds of Feyerabend’s critique of the very idea of intertheoretic 
reduction in one of his seminal contributions to the doctrine of inter- 
theoretic incommensurability (Feyerabend 1962). Within the next ten 
years or so, some epistemologists of the new generation, better 
schooled in physics and its history than most of their teachers of 
philosophy, sought to salvage some of the earlier work on intertheo- 
retic reduction while at the same time acknowledging the complexities 
of the relation, and surveying and attempting to classify the wide 
variety of cases that had customarily been swept under that omnibus 
term. Schaffner (1967, p. 142) pointed out that even in the exemplary 
case of Maxwell’s reduction of optics to electrodynamics, the secon- 
dary theory, viz. the wave theory of light developed by Fresnel and his 
followers, did not agree exactly with all the optical consequences that 
can be drawn from the identification of visible light with a certain 
range of solutions of the electromagnetic wave equation. Mid-19th- 
century optics had to be somewhat modified in order to annex it to 
classical electrodynamics. Mindful of such examples, Schaffner 
offered a characterization of intertheoretic reduction, according to 
which what can, under certain conditions, be derived from the primary 
theory 7> (together with suitable “reduction functions”) is usually not 
the secondary theory 7; but a corrected version of it, T\*. In other 
words, 7} is reduced to 7) if T> yields a theory 7;* which can pass fora 
modified version of 7). Thus Schaffner’s proposal substitutes, for the 
problems hitherto encountered in explicating reduction, that of ascer- 
taining when and how a physical theory can be regarded as a “correc- 
tion” of another one. According to Schaffner, 7\* should provide 
“more accurate experimentally verifiable predictions than 7; in almost 


25 Paraphrased from Kemeny and Oppenheim 1956, as reprinted in Brody 1970, p.313. A 
theory is said to be well-systematized if it sports a good mix of simplicity and strength. Kemeny 
and Oppenheim do not say, however, when one such mix Is better or worse than another. 
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all cases [...], and should also indicate why 7) was incorrect (e.g. 
crucial variable ignored), and why it worked as well as it did”; 7\* 
should produce “numerical predictions which are ‘very close’ to 7)’s” 
and finally, “the relations between 7\* and 7; should be one [sic] of 
strong analogy”. (Schaffner 1967, p. 144; I have changed Schaffner’s 
indexing of the 7’s to adjust it to mine.) However, as Sklar (1968, p. 
111) aptly noted, “to say that A is at best an approximation to B is to 
say that A and B differ, and that they are, in fact, incompatible.” One 
must therefore distinguish between “reductions in which the reduced 
theory is retained as correct subsequent to the reduction”, and “those 
reductions in which the reduced theory is instead replaced by the 
theory to which it reduces”. Sklar observes that, to avoid confusion, “it 
might be better to restrict the extension of the term ‘reduction’ so as to 
exclude replacements”. However, he does not embrace this proposal, 
because in ordinary scientific parlance the replacement of one theory 
by another is often called ‘reduction’, at least when “the former theory 
is retained ‘as a useful instrument of prediction’, despite its known 
falsity as a scientific theory” (Sklar 1967, p. 117). Now, it is certainly a 
good thing to try to preserve ordinary usage in philosophical dis- 
course, but one may run against insuperable difficulties. Thus, in the 
present case, as Thomas Nickles (1973a) remarked, intertheoretic 
‘reductions’ as spoken about in physics do not always proceed in the 
Same direction as in epistemological talk. Physicists might say, indeed, 
that Maxwell reduced optics to electrodynamics, and that Boltzmann 
and Maxwell reduced thermodynamics to (statistical) mechanics. But 
they will also say that Einstein’s kinematics reduces to Newton’s inthe 
limit (v/d* — 0, and that Quantum Mechanics reduces to Clas- 
sical Mechanics in the region of large quantum numbers. Obviously, 
in the last two cases, it is the “primary”, replacing theory that 
is said to be reduced to the “secondary”, replaced theory. Nickles 
believes that this difference in usage points to a real difference in 
meaning, so that we have to do here with two distinct relations between 
physical theories, which he denotes by ‘reduction,’ and ‘reduction’. 
‘Reduction,’, which Nickles classifies into “exact” and “approxima- 
tive”, can still be explicated along Nagel’s lines as involving some 
manner of derivation of the reduced from the reducing theory. But 
‘reduction,’ is non-derivational. Unfortunately, Nickles does not 
define it; but he explains that “for example, a successor theory reduces) 
to its predecessor (not vice versa) if applying an appropriate operation 
(for example, a mathematical limit) to some equations of the successor 
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yields the formalism of the predecessor” (Nickles 19734, p. 588 n. 19). 
Now, it is clear that, if 7 is to replace the established theory 7) as the 
standard account of a certain range of phenomena P, and 7; accounts 
satisfactorily for some subset P’ of P, 72 must yield, for the values of its 
parameters appropriate to the cases P’, predictions that do not differ 
from those of 7; by more than the admissible margin of experimental 
error. To meet this requirement 72 need not have any structural 
connection with 7\. The approximate agreement between them in 
those experimental situations in which 7; is still successful does not 
presuppose a mathematical transformation that reduces some equa- 
tions of 7> to equations of 7|. However, the existence of such transforma- 
tion may be necessary for proving that the required agreement will be 
reached in ai// relevant cases. More importantly perhaps, such formal 
links can be very useful while searching for the theory 7>, and serve as a 
guide for its construction. Indeed, as Nickles (1973, p. 585) ably 
remarks, once we recognize that a theory’s domain of phenomena is 
organized and structured by it, we are bound to see “that even the 
bland requirement that future theories must give an equally good 
account of the present theory’s domain will quite probably impose 
constraints on the internal structure of the new theory’, so that “in 
this manner, structure may be subtly transmitted from theory to theory 
via the domain”.*6 

Intertheoretic reduction is also the central idea in discussions of 
theory replacement by Sneed and his school (cf. Sneed 1971, pp. 21 6ff.; 


26 Spector 1978 (a much expanded version of Spector 1975) contrasts the standard analysis 
of intertheoretic reduction with his own “concept replacement” analysis. He treats a physical 
theory as a set of sentences T closed under deducibility in a suitable formal language. Accordin 
to the standard analysis, a theory 7) is reduced toatheory 72 if 7; can be reduced from 7) ( B 
where B is a set of sentences (bridge laws) which state conditions for the predicates in the voca- 
bulary V; of 7) in terms of predicates in V2. But in Spector’s analysis 7\ is reduced to 72 “if and 
only if for each term of V; one can construct a function of terms of V2 such that, upon replacement 
of the former by the latter in the /aws of 7), one obtains transformed statements which can be 
shown (in one way or another) to be laws of 72” (Spector 1978, p. 33; my lettering). Let £; bea 
law of 7; which has thus been reduced without being deduced. To the question, “Has the law L, 
been explained on the basis of theory 727", Spector replies: “I think the answer is clearly Yes. 
The phenomena previously described by L; have been accounted for by showing how they 
can be correctly redescribed on the basis of the conceptual apparatus of [...] 72. If this isn’t a 
brand of explanation, then I do not know what is. But the point at stake is more fundamental 
than that of the deduction of L;. It hardly matters whether one wishes to say that L, has or has 
not been ‘deduced’ from the ‘laws’ of theory 7>. For whether it is correct or not, the crux of the 
issue of explanation does not lie with that. In a reductive explanation of the kind under 
consideration, it is, rather, our certified ability to redescribe on the basis of concepts of a deeper 
theory which is the heart of our gain in understanding. And here, it does not matter where the 
certification of the correctness of the redescription comes from.” (Spector 1978, pp. 65f.) I fully 
agree. 
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Stegmiiller 1973, pp. 144ff., 249f.). However, their explications of 
reduction are of necessity quite different from those we have met 
above. Balzer and Sneed (1977/78) consider three fundamental rela- 
tions between physical theories—“theory-elements”, in their jargon 
(see note 16)—viz. theoretization, specialization and reduction. They 
conjecture that every interesting relation between physical theories can 
be constructed from these three.”’ The point of ‘reduction’ is stated by 
them in a rather traditional way: “Every application of the reduced 
theory corresponds to at least one application of the reducing theory 
and everything the reduced theory says about a given application is 
entailed by what the reducing theory says about any corresponding 
application” (Balzer and Sneed 1977, p. 202). In their judgment, the 
“bare essentials of a reduction relation between two theory-elements” 
are captured by the following stipulations. Let us say that R reduc- 
tively corresponds a set S witha set S’if Risa binary relationon S x S’ 
whose domain is the whole of S and whose converse is a many-one 
relation. If R reductively corresponds S§ with S’, let R stand for the 
collection of ordered pairs <X, X>suchthat XeS and X’eS’, and there 
exists a bijective mapping /:X— X’ meeting the condition that for every 
xeX, <x, f(x)>eR. If H is the core of a theory element 7, with con- 
straints C and set of models M,let A(H) stand for the set un(Cn A(M)) 
mentioned in formula(5), Pt.1, p. 200.The relation R will be said to 
reduce theory-element 7’ to theory-element 7 if and only if (i) R 
reductively corresponds the set of partial potential models of 7’ with 
the set of partial potential models of 7; (i1) for every intended applica- 
tion x’of 7’thereis an intended application x of Tsuch that <x’,x>eR; 
and (111) for every pair X’, XeR, if X’* d@and XeA(H), then X’cA(H’) 
(where H and H’ denote the cores of Tand 7”, respectively). Balzer and 
Sneed note that ‘reduction’, in this sense, requires only a “translation” 


27 To define ‘theoretization’ let me recall that a potential model of theory-element T is 
simply an ordered n-tuple of sets, subject to the sole condition that m is the same integer for all 
potential models of 7. (As the matter was presented by me in Section (c), one would expect every 
item in the list to belong to some member of the first item's associated array of sets, but Balzer and 
Sneed do not prescribe this condition.) A theory-element T is a theoretization of T if the 
potential models of 7’ are obtained by supplementing each model of T with a fixed number of 
otherwise arbitrary items (to be listed at the end of the m-tuple constitutive of the 7-model in 
question). On the other hand, T” is a specialization of T if T and T’ share the same potential 
models and partial potential models, and the models, constraints and intended applications of T’ 
are included, respectively, among the models, constraints and intended applications of T. 
Theoretizations and specializations thus restrict the scope of a given theory and can therefore be 
used to specify it. 
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between the non-theoretical concepts of the theories in question. They 
introduce a notion of ‘strong reduction’ which requires “translation” 
between the theoretical concepts as well. Such strong reductions, 
however, are of less interest to us, for they presumably cannot overstep 
the bounds of a given scientific tradition, so that, as Balzer and Sneed 
openly suggest, in scientific revolutions, reductions—“if such there 
be”—-must be weak reductions. Thus, it turns out that, to close the 
gaps between alternative physical theories that Feyerabend and Kuhn 
declared unbridgeable, reduction a /a Sneed depends on each theory’s 
having a non-empty set of non-theoretical concepts. Since the non- 
theoretical concepts of a theory, as defined by Sneed, can be the 
theoretical concepts of another, one may reasonably expect that theor- 
ies built by specification or extension of an earlier theory will not be 
lacking in them. We saw, however, that every primitive concept in 
Sneed’s preferred formulation of Classical Particle Mechanics is theo- 
retical (PT.I, pp. 205ff.) and a similar condition should presumably 
obtain in every truly seminal physical theory (around which a “scien- 
tific tradition” can grow, say, by successive extensions and specifica- 
tions). Hence, there can be little hope of reducing, in Balzer and 
Sneed’s formal sense, one such basic theory to another one. Neverthe- 
less, there should be no dearth of informal bonds between them if, as 
needs be, they grow like mangroves in the swamp of common dis- 
course and experience, feeding on the same mathematical tradition 
and sharing in the same evolving stock of major physical ideas.”® 


Universidad de Puerto Rico 


28 Ludwig 1978, §8, deals with “Relations between physical theories”. Ludwig prefers not to 
use the term ‘reduction’. He defines two relations between physical theories PT and PT’, which 
are respectively expressed by saying that PT is a restriction (Einschrankung) of PT’, and that PT is 
embedded (eingebettet) in PT’. The definition are worked out carefully and with great general- 
ity. As 1am unable to explain them briefly and yet accurately, | must refer the reader to Ludwig's 
book. See also Ludwig's contribution (in English) to Balzer, Pearce and Schmidt 1984. My 
review of this book will be found in this issue, on pp. 207ff.) 
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Addendum 


While Part I was in press, The Journal of Philosophy published | 
an important article by Wolfgang Balzer on “Theoretical terms: a new 
perspective” (JP, 83: 71-90 (1986)). In it Balzer acknowledges that 
Sneed’s criterion of 7-theoreticity may be inappropriate for the 
purpose of distinguishing two non-empty and mutually exclusive 
classes of terms in the language of a physical theory 7; bypasses the 
clarification of Sneed’s criterion offered by Balzer himself and C.U. 
Moulines in Synthese, 44: 467-94 (1980), and proposes an entirely dif- 
ferent definition of 7-theoreticity based on the invariance properties 
of 7. Balzer’s new criterion effects indeed—as Sneed’s did not—a 
partition of the terms of some well-known theories into two non- 
empty classes. For example, if 7 stands for classical particle dynamics, 
mass is 7-theoretical but position is 7-nontheoretical, in Balzer’s 
sense. However, as | showed in Part I, p. 206, it is not true that in 
determinations of position “it makes no difference whether T is 
presupposed or not” (JP, 83, p. 87). Therefore, contrary to Balzer’s 
opinion, I do not believe that 7-nontheoretical terms in his sense 
function “at the pragmatic level” like 7-nontheoretical terms in 
Sneed’s sense. Besides the article quoted above, the interested reader 
should consult Balzer, “On a new definition of theoreticity”, Dialectica, 
39: 127-45 (1985), where three examples are worked out. 


